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At the cloud top level of Venus (65-70 km altitude) the atmosphere rotates 60 times faster than the underlying surface, a phenomenon known as superrotation [1, 2] . Whereas on Venus's dayside the cloud top motions are well determined [3, 4, 5, 6] and Venus general circulation models predict a mean zonal flow at the upper clouds similar on both day and nightside [2] , the nightside circulation remains poorly studied except for the polar region [7, 8] . Here we report global measurements of the nightside circulation at the upper cloud level. We tracked individual features in thermal emission images at 3. The zonal motions range from -110 to -60 m s −1 , consistent with those found for the dayside but with larger dispersion [6] . Slow motions (-50 to -20 m s −1 ) were also found and remain unexplained. In addition, abundant stationary wave patterns with zonal speeds from -10 to +10 m s −1 dominate the night upper clouds and concentrate over the regions of higher surface elevation.
Nocturnal images taken at wavelengths of about 3.8 and 5.0 µm sense the thermal contrasts (2-30% in terms of radiance) of the upper clouds at around 65 km above the surface [9, 10, 11] . To study the motions of the night clouds of Venus, we used images at these two wavelengths obtained by the Visible and Infrared Thermal Imaging Spectrometer-Mapper (VIRTIS-M) onboard Venus Express (VEx) [11] , a mapping spectrometer with moderate spectral resolution (R∼200) which acquired infrared images from June 2006 to August 2008, and ground-based observations at 4.7 µm taken with the MediumResolution 0.8-5.5 Micron Spectrograph and Imager (SpeX) at the 3-m NASA's Infrared Telescope Facility (IRTF) in July 2015. The spatial resolution of the images ranged from about 10 km pixel −1 for VIRTIS-M to 400 km pixel −1 in the case of SpeX (see Methods). Observational constraints due to the polar orbit of VEx limited the number of available images showing mid-to-low latitudes. Additional constraints due to the combination of exposure time and detector temperature reduced our final dataset to 55 VEx orbits (∼55 Earth days), which was useful for nightside feature tracking. SpeX observations extended coverage to the northern hemisphere. Similar thermal images of Venus's south polar region have been used to study the dynamics of the south polar vortex [7, 8] . We improved the contrast of individual images by selecting and averaging the best-quality images (with fewer acquisition defects) within the spectral ranges 3.68-3.94 and 5.00-5.12 µm. The SpeX images were obtained with an M'-band filter (4.57-4.79 µm). In both cases, we used high-pass filtering to improve the visual contrast of faint features in the images and map projected the images for accurate feature tracking (see Methods).
Nightside thermal emission features from the upper cloud level exhibit important day-to-day changes, revealing morphologies unseen in dayside ultraviolet images [12] (Fig. 1 and Supplementary  Fig. 1 ). We tracked night features using pairs of VIRTIS-M images separated in time by 20 to 120 min -the 120 min interval also being used for SpeX observations-to obtain 1,060 velocity measurements. Three types of features and motions were found: (1) wavy patterns, (2) patchy or irregular patterns and (3) filaments or shear-like patterns. Their motions (Fig. 2 ) ranged within the fast zonal winds (-110 m s −1 ) found for dayside cloud tops (∼70 km altitude) and the slower winds (-60 m s −1 ) a few kilometers below (∼60-65 km altitude) found in the Galileo [3] and VIRTIS data [6] . Large-scale wavy features were the most abundant on the nightside (Fig. 1a-c) ; they were frequently seen between the equator and 60
• S and exhibited almost stationary motions with velocities of -10 to +10 m s −1 . The wave trains had wavelengths of around 100-250 km, were oriented ±45
• relative to the parallels, had packet lengths of around 1,000 km and extended 1,000-3,000 km. Their properties differed from the dayside gravity waves observed at similar altitudes [13, 14] . Bright stretched filaments and shear-like features were less frequent (Fig. 1d,e) . Well-contrasted bright and dark filaments from 40
• S to 70
• S with small features inside them and shear-like features at their edges all moved at velocities consistent with those found at the cloud tops during the dayside [4, 5, 6] (Fig. 2) . The filaments were particularly interesting since they could be distinguished in their spectral signature by a distinct peak at 4.18 µm plausibly related to the presence of a stronger temperature inversion near the cloud tops ( Supplementary Fig. 2 ). Most patchy features resembling cloud morphologies were between 10
• S and 60
• S and moved with variable velocities between -100 and -50 m s −1 , with a significant portion moving at about -60 m s −1 . In at least eight VEx orbits, very slow patchy features (slower than -40 m s −1 ) were identified (see Supplementary Videos 15-21). Cloud features in the images from SpeX (Fig. 1f ) also exhibited fast or slow motions in different areas of the images at low latitudes of 40
• N-40
• S, but the spatial resolution did not allow characterization of the tracers in terms of morphologies. The limited data distribution did not reveal clear dependence between velocities and local time. Poleward of 60
• S, the measured velocities agreed with those previously determined on the polar vortex [7, 8] . • , respectively (VEx orbit 259). b, Long and broad stripes (probably waves; arrows) observed in a 3.8 µm image extending from latitudes of 65
• S to (at least) 40
• S and longitudes of 65-115
• (VEx orbit 740). c, Further wavy patterns (arrows) in a 5.0 µm image at coordinates 40-60
• S and 10-30
• (VEx orbit 726). d, Bright filaments (arrows) in a 3.8 µm image at 40-65
• S and 270-330
• (VEx orbit 594). e, Shearlike structures (arrows) in a 3.8 µm image at 35-50
• S and 290-340
• with smaller stationary waves at about 300-303
• and 35-45
• S (VEx orbit 598). f, Big-scale features (arrows) observed in a 5 µm image. Images a-e were obtained using the VIRTIS-M instrument, while f is a ground-based image from the SpeX instrument. Scale bars: 1,000 km. A version of this figure with cylindrical projections and corresponding grids is provided in Supplementary Fig. 1 .
Nightside radiation at 3.8 and 5.0 µm was attributed to thermal emission from the middle and upper clouds [9, 10] . We reassessed previous altitude estimations using two radiative transfer models previously validated for Venus conditions [9, 15] (see Methods). The models adopt a standard description of the Venus cloud particles (a sulfuric acid solution in water of 75% concentration by weight) distributed vertically with four size modes with different number densities [16] . We used the vertical temperature profile at 45
• latitude from the Venus International Reference Atmosphere [17] . Our calculations show that radiation at both wavelengths was sensitive to a range of altitudes between 60 and 72 km (Fig. 3) . Thinner clouds occurred occasionally in the Venus atmosphere [18] , which may have resulted in larger contributions to the measured thermal emission from lower altitudes. To test such a scenario, four additional descriptions of the thermal opacity were explored reducing by a factor of ten the number density of a size mode, while leaving the other size modes unmodified. The calculations show that even in conditions of thinner clouds the bulk of radiation at 3.8 and 5.0 µm originated at altitudes above 50 km (Fig. 3) . The radiative transfer modeling provides confidence in that the motions under investigation occurred at the upper cloud level in the altitude range 60-70 km. The right panel of Fig. 3 compares our cloud-tracked zonal velocities (averaged between 20 and 60
• S and between 22:00 and 02:00) with the in situ nocturnal measurements provided by the Pioneer Venus and VEGA probes/balloons [1, 19, 20] , cloud-tracked winds from the lower clouds [21] and zonal winds predicted by the thermal wind equation using temperatures retrieved from VIRTIS-M data averaged for the years 2006-2008 [22] and during Messenger's flyby [23] in 2007.
The ensemble of nightside wind measurements could not be interpreted as a single mean wind profile with added variability and noise as was the case for the wind variability found on the dayside at altitudes of 60-70 km [6] . Instead, we identified several types of moving features. First, the best-contrasted features were shear-like and bright filaments, the bright filaments resembling the spiral patterns of cloud systems in the dayside images [12] . These were the least frequent of the night features and moved with zonal velocities compatible with the circulation of the dayside cloud tops (cyan dots in Fig. 2) . Second, patterns of nearly stationary waves were frequent and unambiguously observed (green dots in Fig. 2 ; see Supplementary Videos 01-14). Third, and most puzzlingly, the variability in the motions of the cloud-like features (red and yellow dots in Fig. 2 ) was subject to multiple non-exclusive interpretations: (1) features with small contrasts (2-5% in radiance) could have originated at different altitudes (60-72 km) and their velocity variability could be a consequence of the vertical wind shear; (2) manifestation of wave motions could represent phase speed measurements instead of real fluid motion; and (3) part of the variability could have been caused by local real decelerations of the flow due to the drag on the global winds in some latitudes and local times. At altitudes of 65-80 km, the radiative time constant was around 0.8-1.2 days [16] and circulation changes forced by solar radiation were expected to occur from day to night since the atmospheric superrotation had a period around 4 days. The magnitude of these changes close to the cloud tops remains to be quantified but could be constrained by the fact that dayside ultraviolet images show recurrent large cloud patterns appearing distorted after a full rotation above the planet at time scales of around 4 days [12] . Thermal winds on the nightside seem to suggest that the mean zonal flow reaches it maximum velocity at altitudes deeper than on the dayside [23] . If confirmed, the strong decrease in the thermal winds starting above the cloud tops (Fig. 3) would support the hypothesis that the detected cases of extremely slow motions (yellow dots in Fig. 2 ) may correspond to real slow winds. However, caution must be taken since the calculations of the thermal winds assumed a zonally axisymmetric flow and the temperatures retrieved from VIRTIS-M were dependent on the cloud properties [22] .
The nearly stationary waves in the nightside VIRTIS-M images are abundant. A global stationary bow identified on the dayside of Venus with Akatsuki thermal data [25] and indications of geographical dependence for the winds of the cloud tops [26] and mesoscale waves [14] suggest that airstreams may be triggering stationary waves up to the cloud tops over Aphrodite Terra and other high-elevation regions [25] . Figure 4 displays the geographical location of the stationary waves from this study, demonstrating a high correlation with the main elevations of the southern hemisphere and proving that orographic waves are a quasi-permanent feature of the Venus atmosphere. This is a surprising result, not only because the formation and propagation of such waves is difficult considering the weak winds reported for the surface and the extended neutral stability of the lower atmosphere [1, 25] , but also because the southern hemisphere is practically a planar surface with elevations rarely higher than 2 km (∼3 km relative to the lowest planitia). Against expectations, stationary waves are not apparent in the simultaneous VIRTIS-M images taken at 1.74 and 2.3 µm, which sense the deeper clouds at around 50 km above the surface and below the upper clouds where non-stationary mesoscale waves usually occur [13] . Scatter plots and principal component analysis (see Supplementary Figs. 4 and 5 ) reveal the lack of correlation between the morphologies in the 3.8 and 5.0 µm VIRTIS-M images and simultaneous images at the spectral bands sensing the surface thermal emission and the lower clouds at 1.02 and 1.74 µm, respectively. Supplementary Figure 6c) . The geographical distribution of the cloud features is displayed in Supplementary Fig. 3 , which shows that the absence of waves over the southernmost area below 60
• S and between 120 and 270
• is real, while the lack of positive identifications over Aphrodite Terra (about 60
• -150
• longitude at the equator) is caused by the poor coverage of lower latitudes by the VIRTIS-M observations (see Supplementary Fig. 3 ).
These wave patterns can be interpreted as gravity waves supported by the positive static stability above 60 km [27] and their position in a wave dispersion diagram [28] (Supplementary Fig. 6a ). To constrain the vertical wavelengths associated with the stationary waves, up to 63 thermal profiles from the Venus Express Radio Science Experiment (VeRa) were examined at the geographical locations displaying the highest concentration of waves ( Supplementary Fig. 6c ), resulting in vertical wavelengths ranging from 4 to 17 km (although the vertical coverage for VeRa temperature profiles rarely exceeds 20 km), while the Brunt-Väisälä frequency ranged from 15×10 −3 to 22×10
between 60 and 70 km in height. These mesoscale stationary waves induce brightness temperature contrasts of about 5±3 K, which is similar to the 4-6 K associated with the planetary-scale bow-shape thermal feature discovered by Akatsuki [25] . The properties of the observed thermal waves notably differ from those of the waves seen in the daytime clouds [13, 14] , which suggests a different effect in the atmosphere. We cannot rule out that the waves may lead to an effective wave drag on the mean zonal wind through the Eliassen-Palm flux mechanism [29] .
The simultaneous presence of fast and slow motions and recurrent nearly stationary waves controlled by the orography on the nocturnal upper clouds of Venus will provide constraints to Venus general circulation models, which currently do not predict such phenomena. The Japan Aerospace Exploration Agency's Akatsuki [30] mission to Venus is currently providing complementary observations that will help to further elucidate the features of the night-and dayside upper clouds of Venus.
Methods
Image processing and cloud tracking on VIRTIS-M images. The absolute local contrast of low-latitude features in single wavelength VIRTIS-M thermal images at 3.8 or 5.0 µm is generally only of a few percent. To improve the signal-to-noise ratio and visibility of the tracked features, we stacked several consecutive wavelengths representative of the same altitude layers [9] . The spatial resolution of the images ranged nominally from about 10 km pixel −1 for VIRTIS-M to about 200 km pixel −1 for the SpeX [31] observations. However, the SpeX images were acquired with an atmospheric seeing estimated to be about 1 arcsec that limited the effective spatial resolution of individual frames to about 400 km pixel −1 . Super-resolution techniques combining multiple frames [32, 33, 34 ] allowed us to improve over the atmospheric seeing and approach the diffraction limit (which is about 125 km at 5.0 µm for the IRTF). Here, we stacked several frames to subpixel accuracy after increasing the images size by a factor of three using a bilinear interpolation algorithm. After analysis of the stacked images, the effective spatial resolution was estimated to be about 200 km pixel −1 . VIRTIS-M and SpeX image pairs were projected onto cylindrical and/or polar projections with a spatial resolution similar to the worst of the two images of each pair, although in some cases a value of 0.1 deg pixel −1 was considered for the coordinates of latitude and longitude, depending on the latitudes to be studied. Contrast of faint features was increased using high filtering based on the unsharp-mask technique. Alternatively, we applied a convolution with a weak form of a directional kernel previously used in the analysis of VIRTIS-M dayside images [6] . Cloud tracking was performed by comparing images separated by 20 to 120 min. As VIRTIS-M is a scanning spectrometer [35] , each horizontal image in a given image cube is obtained at a different time. In the images separated by 30 min or less, the specific time of each horizontal line was taken into account to produce an accurate measurement.
The cloud-tracked measurements presented here were performed visually and independently by three of the authors. Two of us used zoomed versions of the images with Planetary Laboratory for Image Analysis software [36] , while the other used custom-made tools. Automatic cloud correlation measurements were also tested in some orbits, yielding results coherent with those presented in Fig. 2 . Nevertheless, these were generally noisier and they were finally discarded. Individual errors for wind measurements using VIRTIS-M data were variable: from 15 m s −1 for the very few tracers from images separated by short time intervals (∼20 min) to about 5 m s −1 in most other cases at midto polar latitudes, and up to 15 m s −1 at equatorial latitudes. Individual errors for wind measurements taken from the SpeX images were in the order of 20-25 m s −1 .
Radiative transfer modeling. We analyzed the altitudes probed with the 3.8 and 5.0 µm images using two different radiative transfer models.
• We used the radiative transfer model from García-Muñoz et al. [9] , which solves the radiative transfer equation within the atmosphere with a line-by-line treatment of absorption and scattering. The optical properties for both the gases and aerosols were pre-calculated and tabulated. The radiative problem was solved in a plane parallel, stratified atmosphere, and considered multiple scattering. The clouds were prescribed by the number densities of each particle size mode and the wavelength-dependent values of their cross sections. In our nominal scenario, we prescribed number densities based on Crisp [16] and particle size distributions based on Wilson et al. [37] . We included the four particle size modes (so-termed 1, 2, 2' and 3) that are thought to make up the Venus atmosphere and considered altitudes from 30 to 100 km. All the size modes were assumed to have the same composition (75% sulfuric acid by mass). Other nonnominal scenarios were considered. In each of them, we reduced the number density of one particle size mode (and only one) by a factor of ten (see Fig. 3 ). These scenarios were introduced to consider the effect of clouds locally thinner than in the standard configuration [18] .
• We used the radiative transfer model from Lee et al. [15] to constrain the lowest atmospheric levels that may contribute to 3.8 and 5.0 µm images. The model performs a line-by-line calculation for the entire Venus atmosphere (0-100 km) considering various cloud structures and gaseous absorptions including collision-induced absorption [38] and using the cloud model described by Crisp [16] : lower cloud (48-50 km), middle cloud (51-60 km) and upper cloud (>60 km). We explored the 3.3-5.2 µm (1,900-3,000 cm −1 ) wavelength ranges investigating extreme scenarios including: (1) an atmosphere of pure CO 2 without collision-induced absorption, (2) a pure CO 2 atmosphere with collision-induced absorption and (3) a more realistic atmosphere including contributions from the rest of the known gases (N 2 , H 2 O, CO, SO 2 , OCS, H 2 S, HF and HCl). We used the temperature profile from the Venus International Reference Atmosphere [17] and considered emission angles of 0
• and 45
• . As in the previous case, we considered variations in cloud particle numbers by a factor of 0.1 for each of the three cloud layers. Three situations were explored: (1) perturbation only for the middle cloud opacity, (2) perturbation only for the middle cloud opacity with 'thinner' upper cloud and (3) perturbation in the lower clouds with 'thinner' upper and middle clouds. While in the first situation (nominal upper and lower clouds) changes in the outgoing radiance due to the middle clouds can be regarded as negligible, noticeable influences were seen for the other two situations, which have in common upper clouds thinner than nominal. The total cloud opacity was 30-31 as calculated at 1 µm, which is consistent with a recent study [39] .
For both models, we concluded that no important contribution could be originated from altitudes below a height of 40 km. Based on this result, we ruled out influences from the surface and the deep troposphere of Venus where prevailing winds would be more consistent with the slow features.
Data availability. The full VIRTIS-M dataset of images that support the findings of this study are available from the public ESA repository. The IRTF/SpeX images and VeRa temperature profiles are available from the authors on reasonable request (see Author contributions for specific datasets). The data that support the plots and other findings of this study are available from the corresponding author upon reasonable request.
